Colloidal microspheres in aqueous polymer drops were previously shown to spatially order into stripes upon drying due to a combination of the phase separation of highly bridged particles and the Marangoni flow effect. In this work, the dynamics of contact line movement of a colloidal-polymer droplet under varying evaporation conditions was monitored in real-time. It was shown that slowing the evaporation rate decreased the contact angle and the resulting stationary contact line enabled a balance between capillary shear and Marangoni flows. Thus, particle deposition into concentric rings was dependent on contact line velocity and receding contact angle. Adding nanoparticles into a polymer-microparticle mixture did not perturb the hydrodynamic flows, subsequently nanoparticles were observed to deposit onto multiple rings and striped patterns. The presented colloidal assembly which is controlled by the bridging of chains between polymer-adsorbing particles was also shown to be effective in the formation of lines parallel to the contact line prepared in a dip-coating process.
Introduction
Droplets containing nonvolatile solutes typically leave a ring-shaped pattern on a solid substrate aer drying. This effect, known as a coffee-ring, is due to the pinning of a contact line and occurrence of high evaporation ux near the droplet edge.
1 In a freely evaporating droplet, pinning of particles at the edge is accompanied by liquid owing from the center towards the edges. [2] [3] [4] As a result of this ow, various microstructure patterns have been obtained in colloidal systems. [5] [6] [7] [8] Colloidal particles have been observed to deposit either perpendicular 9, 10 or parallel 11, 12 to the direction of a moving contact line. The lines perpendicular to the moving contact line are mainly produced by stick-slip motions in previous works as a result of the competition between capillary and pinning forces, 13 and stripes parallel to the direction of the contact line are explained commonly by ngering instability in drop casting [14] [15] [16] and dipcoating 17, 18 processes. Pinned contact line continuously decreases the contact angle and because of the capillary ow and sufficiently low mobility of colloids, particles accumulate in edge areas. 17 Thus, the remaining thin-lm starts dewetting and instability between dewetted and pinned areas results in nger-like patterns at short times. 19 Previous works have used the evaporative process to control deposition of particles in a restricted geometry. [20] [21] [22] [23] For example, the capillary ow effect in a conned environment (such as a sphere contacting a at surface) creates multiple rings,
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radial spikes, 25 regular lines 26 or patterns of quantum dots.
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Multiple rings can be also obtained as a result of competition between the coffee-ring and the reversing capillary forces.
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Our previous results on the unique striped deposition of colloids in a polymer droplet showed that polymer bridging between particles led to the spontaneous demixing of polymer and colloidal phases. 28 Polymer chain length and affinity of chains to adsorb on particles determine particle-polymer phase separation and hence deposition of particles into spatially ordered stripes. We observed in optical microscopy videos that particles circulate within the stripes (see Video S1 in ESI †). These ordered aggregates grow in solution with the continuous entry of particles and the contact angle slightly increases during the growth of aggregates, unlike the decrease of contact angle in ngering instability at short times. Moreover, we observed that stripes form at large areas. In this work, we measured the contact line movements of a polymer droplet under varying evaporation conditions to reveal the dynamics of assembling particles into stripes and rings using goniometer and real-time optical microscope. We discuss the effect of surface hydrophilicity on drying of droplets and concentric ring formation by slowing the evaporation rate. This method of ordering spherical particles in two directions has potentials in preparing functional polymeric lms with spherical llers such as exible paper-based uidic surface-enhanced Raman scattering devices for chemical detection and solar cells. 
Preparation of substrates
Mica substrates were used aer peeling without prior cleaning. Glass slides and silicon wafers of 25 mm Â 15 mm in size were treated with piranha solution, rinsed with DI water and ethanol, and dried with nitrogen. Additional acetone-washed glass slides were also prepared and rinsed with DI water.
Measuring contact line movements 1-5 ml drops of microparticle/polymer solution were placed on substrates. Data of contact angle and width of contact area were collected in real time at 10 frames per second in a goniometer (Ramé-hart Model 500-F1) at ambient condition. Similar dynamic contact line measurements were performed at varying evaporation rates. The droplet was evaporated at ambient condition for 50-100 s, and then was covered with a glass lid to slow down the evaporation rate. These steps were repeated several times during evaporation. Evaporation rate was also controlled by pulling-out the glass slide from a one-side open glass cell (purchased from Vitrocom) and particle deposition was observed using a Nikon OPTIPHOT 2POL microscope at different magnications (5Â to 140Â). Fluorescent-labeled nanoparticles were observed using a Nikon E1000 upright C1 confocal microscope. Dynamic contact angle and force data in dip-coating experiments were measured by Sigma 700 tensiometer.
Results and discussion
We studied the kinetics of contact-line movement of colloidal polymer drops under varying evaporation conditions and observed that when the contact line dynamics is slowed down, micron-size particles deposit into concentric lines. While these rings are thought to be forming due to contact line pinning akin to coffee rings, the dynamics data we collected, in fact, revealed that particle deposition was controlled with the contact line velocity varied by the evaporation rates and with the change of contact angle. To understand the assembly of particles as stripes and rings in PVP solutions above the overlapped polymer concentration, 28 it was essential to investigate the growth of aggregates (stripes) in time.
Fig. S1 † shows top-view optical micrographs of aqueous droplets containing pure PVP, pure PS particles, and PS particles in PVP at different evaporation stages on piranha-treated substrates. A typical coffee ring effect with pinned contact line is seen in microparticle droplets as a result of the accumulation of particles carried by radial capillary ow. 3 It is observed that inhomogeneity of a surface inuences the pinning of contact line.
3 In a polymer droplet, however, pinning is not seen and the contact line recedes smoothly, similar to the evaporation behavior of pure liquids on a smooth and chemically homogenous surface. 29 In polymer solution with microparticles, contact lines moved freely during drying and le behind stripes of particles.
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To understand the contact line dynamics of colloidal polymer solutions at varying contact angle and evaporation rate, we monitored the droplets during evaporation using a goniometer and optical microscope. Fig. 1a shows the receding of the contact line as a function of time while stripes are being formed. Circulation of particles within the aggregates, as seen in Video S1 of ESI † and sketched in Fig. 2b , is attributed to the shear elds along the capillary ows coupled with the Marangoni ow. We counted the particles entering one circulating aggregate of stripe (N p ). Fig. 1a shows constant number of particles entering in time (N p $ 1.9 particle per s) and the linear growth of aggregate area at a constant rate $1.4 particle per mm 2 . Constant particle entry rate and stripe growth result from the stable capillary ows. Change in area becomes steady with the balance between capillary and Marangoni ows. This balance then leads to formation of stripes as contact line recedes. The contact line of the microparticle/polymer droplet rst undergoes an initial pinning with decreasing contact angle and then recedes with increasing contact angle at ambient condition (J ¼ 0.0032 AE 0.0003 mL s À1 ), which is labeled as F in Fig. 1b . With the slowing down of the evaporation (J ¼ 0.0013 AE 0.0001 mL s À1 ), the motion of contact line suddenly changes from receding to advancing and then reaches to a stationary state. The change in droplet volume and evaporation rate is shown in Fig. S2 . † Decrease of the contact angle limits the circulation volume for particles. Fig. 1c shows the change in area of one circulating aggregate and the number of particles entering into circulatory region during evaporation. We see a steady entry of particles in free evaporation in the rst 20 s. At slow evaporation between 20 and 40 s, droplet spreads (i.e. contact angle decreases) and the area of aggregates increases, and stripes get wider (see Video S2 in ESI †) even though number of particles in aggregates does not change. With the contact line becoming stationary, particle entry is observed at a slower rate ($0.8 particle per s), referring to lower capillary ow rates acting on particles. Albeit the continuous entry of particles, the area of aggregates does not change as some particles deposit to form a ring between 40 and 100 s. These observations indicate that stationary contact line is achieved with the balance of capillary and Marangoni ows. Hence, particle carrying capacity of the drop, which depends on contact angle, is easily reached and particles deposit at the contact lines. We observe ring formation under microscope during this controlled evaporation. Fig. 1d shows that the distance between rings is controlled with the duration time of free evaporation. Particles deposit as concentric rings with stationary contact line rather than the stick-slip motion mechanism which is generally known to be the cause of ring formation.
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To explain ring formation at low contact angles, we observed the drops on four different substrates (in Table 1 ) with different receding contact angles and analyzed the aggregation growth in the circulatory region. We measured that the amount of circulating particles increases linearly with contact angle on mica, hydrophilic-glass, -silicon and acetonecleaned glass (Fig. 2a) . Radius and contact angle change during evaporation on different surfaces is presented in Fig. S3. † Fig. 2b depicts that when the evaporation rate is slowed down, microparticle/polymer droplet spreads and its contact angle decreases, subsequently, some particles are le out from the circulating aggregates.
Next, the balance between capillary and Marangoni ows is predicted by calculating the contact line dynamics of evaporating droplet at different evaporation rates. Spreading of a droplet is dened by uid velocity parallel to substrate (U CL ), n and m are empirical constants, q A is the advancing contact angle and q R is the receding contact angle. Mass balance of a droplet is conserved with the spreading of solution and evaporation rate, J(r). Thus, velocity of a contact line is dened as
where r is the radius of contact area, J(r) is the local evaporation rate, r L is the liquid density ($1 g ml
À1
). Contact line recedes at high evaporation rate where U CL < J(r)/[r L sin q(t)] and advances at slow evaporation rate where U CL > J(r)/[r L sin q(t)]. Assuming that evaporation rate gradient is constant across the droplet, evaporation rate (J) can be obtained from the volume change by J ¼ dV/dt. Volume of the droplet is calculated using the equation
ð1 À cos qÞ 2 ð2 þ cos qÞ
Using the experimental data radius (r) and contact angle (q) with evaporation time, we have calculated J and determined the value of U CL by tting the experimental data of dr/dt to eqn (1). Constant U CL represents a stable balance between capillary and Marangoni ows, which is in agreement with well-developed circulation of particles within stripes. The unstable U CL in the rst 30 s is due to the gradual establishment of Marangoni ows and particle concentration inhomogeneities near the edge area.
The U CL at varying evaporation rates (of Fig. 1b) is shown in Fig. 3 . The outward capillary ow, a result of the higher evaporation rate close to the edges, leads to the accumulation of particles and polymers at contact lines. This accumulation decreases the local surface tension, inducing the Marangoni ows that carry solutes from edges to center, and lowers the local concentration of particles and polymer in edge area. Subsequently, U CL decreases in the rst 30 s under free evaporation (Fig. 3) . U CL gets relatively stable between 30 and 50 s indicating a dynamic balance between the two ows and stable local concentration of particles and polymers. This balance between capillary and Marangoni ows is in-line with discussions of Fig. 1 . At a lower evaporation rate, the dynamic balance between capillary and Marangoni ow is interrupted with spreading of the drop and then a new balance is reached which is in agreement with the circulating area change in Fig. 1 . Under free evaporation, system re-balances itself.
We hypothesize that microparticle arrays may be used to direct nanoparticle depositions. We added 100 nm uorescent PS nanoparticles (0.1 mg ml
) to the microparticle/polymer solution and observed that nanoparticles deposit onto arrays of microparticles (Fig. 4a) . These patterns are very close to what we observed in Fig. 1d , verifying that addition of nanoparticles does not disturb the deposition of microparticles. The confocal image in (Fig. 4b) also coincides with the optical micrograph of pure microparticles, indicating that nanoparticles deposit along the microparticles due to the lateral depletion forces that push nanoparticles toward circulating aggregates. Another reason of nanoparticles sticking onto micron-arrays is the capillary attractions arising as liquid lm thickness gets smaller than the diameter of deposited microparticles. At higher concentration of nanoparticles (0.2 mg ml À1 ) (Fig. S4 †) , some nanoparticles deposit between stripes meaning that the lateral depletion force and capillary force may only transfer certain amount of nanoparticles. 3 The fluid velocity parallel to substrate (U CL ) is calculated for the radius and contact angle data (shown in Fig. 1b) for microparticle/ polymer droplet under varying evaporating conditions.
To observe particle depositions in dip-coating, we inserted hydrophilic substrates vertically into microparticle/polymer solution for 2 min during which microparticles start to accumulate near the contact line. The surface was withdrawn at a velocity of 0.2 mm min À1 that is equivalent to the receding velocity of a solution-cast drop. Fig. 5a shows that contact angle decreases and pinning occurs initially. Then contact line starts to recede with slight increment of contact angle. Stripes parallel to substrate withdraw direction are seen over a large area but with higher periodicity than that observed in dropcast lms. When a hydrophilic substrate is dipped vertically into 100 nm PS particle-polymer solution, stripes equally spaced at wavelength of 45 AE 5 mm are obtained (Fig. 5b) . We note that contact angle remains steady during receding of the contact line. This behavior and the distance between stripes suggest that ngering instabilities, as previously reported for stripe formations, 32 may play a role in the phase separation and aggregation of nanoparticles into micron thick lines (Fig. S5 †) .
Conclusions
The contact line dynamics of microparticle/polymer droplets is studied to reveal the effect of contact angle on particle carrying capacity and deposition of particles. Dynamic data showed that when the internal shear ows, which arise from the phase separation between particles and polymer chains, were balanced with the Marangoni ows, distinctive stripes and concentric rings are seen. The accumulation rate of particles increased linearly in the early evaporation stage and the size of stripe domains became constant when the competing forces of Marangoni and internal ows were balanced. Slowing the evaporation rate decreased the contact angle and colloidal particles deposit as concentric rings whereas the size of striped aggregates within droplet remains the same. Furthermore, the bimodal mixtures of micron and nanoparticles were shown to order into similar stripe and ring patterns in an aqueous polymer drop. The bridging of chains between polymer-adsorbing particles appeared to be an effective mechanism for the assembly of colloids into lines that are parallel to the substrate withdraw direction in dip-coating.
